The performance of five different types of oxygen carriers for CLC is analysed. Energy penalty and net electrical efficiency for CO 2 capture is calculated. CLC process was compared with other capture technologies. Iron oxides achieve highest electrical efficiency of 34.3% with $ 100% CO 2 capture. Demonstrated relation between reaction enthalpy of oxygen carrier and power output.
Introduction
The Intergovernmental Panel on Climate Change (IPCC) has outlined the threat from unabated anthropogenic carbon dioxide (CO 2 ) emissions through their adverse effects on the global climate. This leads to a requirement to minimise CO 2 emissions, particularly from fossil fuel (e.g. pulverised coal, PC) power plants (IPCC, 2013 (IPCC, , 2014 . These power plants also emit sulphur dioxide (SO 2 ) and particulate matter that cause air and water pollution, and thus affect public health (Kumar and Saroj, 2014) . In the past few decades, scientific research communities and policy makers around the globe have shown interest in replacing traditional fossil fuel conversion technologies in order to mitigate climate change and environmental pollution (IEA, 2013; Leung et al., 2014; Pires et al., 2011) . An integrated gasification combined cycle coupled with a chemical looping combustion (IGCC-CLC) process is considered to be one of the most promising fuel, in particular coal, conversion methods for electricity production and CO 2 capture (Cormos, 2012; Erlach et al., 2011; Li and Fan, 2008; Mukherjee et al., 2014) . In the IGCC-CLC process, coal is gasified to produce syngas, which mainly contains carbon monoxide (CO) and hydrogen (H 2 ). Syngas is then supplied to the fuel reactor of the CLC system where it is oxidised to CO 2 and steam (H 2 O) by an oxygen carrier (OC), as shown in Fig. 1 (Lyngfelt et al., 2001) . The OC is made of metals with different oxidation states and carries oxygen to the fuel reactor for syngas combustion (Lyngfelt et al., 2001) . The OC is re-oxidised/regenerated in the air reactor, before being recycled to the fuel reactor. In this way, a series of oxidationreduction cycles are repeated, with the OC circulated within the CLC system for a certain number of cycles depending on its chemical and physical characteristics, such as reactivity, mechanical strength and thermal stability. The flue gas stream from the CLC system comprises almost entirely CO 2 and H 2 O; H 2 O can easily be separated by simple condensation, and CO 2 is sent for storage and compression (Chiesa et al., 2005) .
The OCs are the foundation of CLC and are considered as a decisive factor to incorporate CLC in commercial operations for carbon capture and storage (CCS) (Bhavsar et al., 2014; Boot-Handford et al., 2014; Fang et al., 2009; Hossain and de Lasa, 2008; Lyngfelt et al., 2008) . A significant quantity of laboratory and pilot scale studies have been conducted in the past years on development, testing performance enhancement and selection of OCs for CLC (Adanez et al., 2004 (Adanez et al., , 2012 de Diego et al., 2014; Gao et al., 2008; Imtiaz et al., 2013) . For instance, Jing et al. (2013) investigated the reactivity of three groups of OCs developed by using different combinations of metals such as copper, iron, manganese, magnesium and titanium. The new materials developed in their study showed promising results as OCs, with sufficient mechanical strength and high reactivity with methane (CH 4 ). Cabello et al. (2014) studied the kinetic parameters of an alumina impregnated iron-based OC for gaseous fuels. A total solid inventory of 150 kg/MW was utilised in their study, which showed high reactivity for the ironbased OC. Performance of different manganese ores for CLC was evaluated by Arjmand et al. (2014) suggesting manganese could be an interesting material for solid fuels due to its high char conversion rates. Imtiaz et al. (2013) reviewed the synthesis strategies followed to develop new OC materials and studied the physical and chemical properties of the newly developed OCs. A large set of data is available comparing different OCs based on the outcomes of laboratory and pilot scale experiments that focused primarily on reaction kinetics, cost and conversion efficiency Cho et al., 2004; de Diego et al., 2014; Fossdal et al., 2011; Imtiaz et al., 2013; Wolf et al., 2005) .
It is equally important to analyse the performance of OCs for large or industrial scale CLC systems, but only a handful of such investigations are available (Table 1) . For instance, Anheden and Svedberg (1996) and Anheden (2000) compared the performance of iron-, nickel-and manganese-based OCs for IGCC with CLC process and found very similar power outputs (for all three OCs) with reference to an IGCC with conventional combustion process. Anheden and Svedberg (1998) provided a detailed exergy analysis of the CLC process with nickel-and iron-based OCs, using methane and syngas separately as fuel, and compared the exergetic power efficiencies with a conventional conversion process. They found the CLC process to have higher exergetic power efficiencies compared with the conventional conversion process, with the iron-based OC being the most efficient. The above three studies performed comparison analysis based on an estimated power output, efficiency value and physical exergies. The actual power output was out of the scope of their work, which is considered for investigation in our study. In addition, these studies do not consider CO 2 compression and energy consumption in the gasification islandthese aspects are analysed in detail in our work. Rezvani et al. (2009) studied a double stage CLC system with nickel-based OC, and obtained an electrical efficiency of 35.2%. Cormos (2010b) examined the performance of CLC, using iron oxide as an OC, in conjunction with a co-gasification process of coal and biomass with CCS. The work showed that CLC with a cogasification process could achieve an overall electrical efficiency of 38.82%. Another study by Cormos (2012) suggests that CLC using iron-based OC is more energy efficient for CO 2 capture than physical absorption processes. Erlach et al. (2011) carried out a sensitivity analysis on CLC, which used nickel-based OC with different expander (also referred as gas turbine or GT in our study) inlet temperatures. Their results indicated that the OCs with higher thermal stability could provide potential efficiency advantages for CLC.
Most of the existing studies on large scale CLC system modelling have examined iron and nickel oxides as OCs (Cormos, 2012; Erlach et al., 2011; Rezvani et al., 2009; Sorgenfrei and Tsatsaronis, 2014) . The research on other common OCs such as manganese, cobalt and copper oxides is mainly confined to laboratory or pilot scale experiments Arjmand, 2014; Cho et al., 2004; de Diego et al., 2004; Hossain and de Lasa, 2007; Johansson et al., 2006b) . Shulman et al. (2009) investigated the performance of OCs prepared by mixing manganese oxides with iron, nickel and silicon oxides for chemical-looping with oxygen uncoupling (CLOU) in laboratory scale reactors. They found high reactivity for mixtures of manganese/iron oxides and manganese/nickel oxides with methane. Song et al. (2014) performed laboratory experiments to analyse the reactivity, stability and suitability of manganese, copper and cobalt oxides (at temperatures between 800 and 950 1C) for chemical looping air separation (CLAS) technology. Clearly, the existing literature lacks knowledge on the comparison of different OCs for large-scale CLC systems based on the same baseline assumptions for modelling. In this work, we focus on a systematic comparison of the performance of five most commonly used metal-based OCs (i.e. copper, cobalt, iron, manganese and nickel oxides) for large-scale IGCC-CLC processes (Bao et al., 2014; Bhavsar et al., 2014; Jing et al., 2013; Shah et al., 2012; Song et al., 2014) . The simulations assume a single basis of analysis with respect to selected fuel, production scale and modelling approach. This work also examines: (i) the effect of water-cooling, air-cooling and air separation unit (ASU) integration of the CLC air reactor on the power output, (ii) the role of reaction enthalpies in determining the performance of various OCs, and (iii) the net power penalty associated with the CO 2 capture in IGCC-CLC processes via comparison with a base case, which represents a conventional IGCC plant without CO 2 capture.
Methodology
Flowsheet models for IGCC-CLC processes were developed in Aspen Plus using five different types of OCs, based on copper, cobalt, iron, manganese and nickel oxides. Table 2 shows the oxidised and reduced form of these five OCs and their melting points. The agglomeration and sintering of the OC particles needs to be avoided since it reduces the reactivity of the OCs and directly affects the overall process output. Keeping this in mind, an operating temperature range of 750-950 1C was selected for the CLC reactors, which is suitable for all the five OCs and can maintain the OC reactivity for a longer duration by avoiding sintering, agglomeration and melting (Chiu and Ku, 2012; Jerndal et al., 2006; Shah et al., 2012; Song et al., 2014) . Moreover, all the OCs are supported with 15% aluminium oxide (Al 2 O 3 ) and 15% silicon carbide (SiC) by mass, which enhances their thermal, mechanical and physical properties and hence, keeps them stable for longer durations (Li et al., 2010) . The performance of each type of OC is tested for three different configurations ("a-c"), as described below:
Configuration "a": Water-cooling of the CLC air reactor. Configuration "b": Air-cooling of the CLC air reactor. Configuration "c": Air-cooling along with ASU integration of the CLC air reactor.
Firstly, five IGCC-CLC processes were developed using configuration "a" that considers water-cooling of the CLC air reactor; these processes are represented by Cases 1a-5a. The numbers "1-5" indicate the type of OC used (see Table 2 ) and "a" indicates configuration type "a". For example, the term 'Case 1a' is used to represent the case with a copper-based OC having configuration type "a". The above five IGCC-CLC processes (Cases 1a-5a) were then modified by replacing water-cooling of the air reactor (configuration "a") by air-cooling (configuration "b"), which are represented by Cases 1b-5b. Later, Cases 1b-5b were further modified by adding ASU integration of the CLC air reactor. These new cases come under configuration "c" and are represented by Cases 1c-5c. Fig. 2 shows the process flow diagram for the IGCC-CLC process with air-cooling and ASU integration. All three configurations are similar in design but use different OCs in the CLC reactors, which are represented by the numbers "1-5". Grouping of the five OCs along with the three configurations "ac" gives 15 different cases. For all the IGCC-CLC processes modelled in this study, the selected output range was between 350 and 400 MW. The results on the performance of the five OCs along with the three configurations "a-c" for the IGCC-CLC process are discussed in Section 3.
The key information about the input parameters (such as flow rates, pressure, temperature, equipment efficiency and fuel composition) used in order to construct the Aspen Plus flowsheet models of the above-mentioned 15 cases, were collected from various literature sources and are shown in Tables 2-4. Table 3 provides the design assumptions considered to develop the flowsheet models in Aspen Plus for all the IGCC-CLC cases. Chemical and phase equilibrium based on Gibbs free energy minimisation is assumed to develop the gasifier and CLC reactor models in our simulations. Table 4 shows the physical and chemical properties of the Illinois#6 coal used as fuel in all the cases.
CLC reactors are designed with membrane walls (where applicable) to allow pressurised water flow for cooling (Sorgenfrei and Tsatsaronis, 2014) . Section 2.1 describes the plant layout and operating conditions for all IGCC-CLC cases. Details of the steam Notes: CDCLC stands for coal direct chemical looping combustion. a Efficiencies are calculated based on higher heating value (HHV) of the coal.
Table 2
Summary of OCs and operating conditions used in this study (Chiu and Ku, 2012; Cho, 2005; Shah et al., 2012) .
Case number corresponding to a particular OC and water cycles for the IGCC-CLC processes are discussed in Section 2.2. Section 2.3 explains the development of complete process flowsheet models in Aspen Plus. Section S1 of the Supplementary Information (SI) explains the methodology and equations used to calculate the exergy of the process streams.
Plant layout and design for the IGCC-CLC process
This section describes the detailed plant layout and design for all of the IGCC-CLC processes with the five different OCs and three configurations (a-c). In all 15 cases, an entrained flow gasifier operating at 30 atm is fed with pulverised coal particles from the top. A 95% (vol.) pure O 2 stream at 2.35 bar is generated in a standalone ASU, which is then used for gasification of coal in the gasifier (Cormos, 2010b) . The O 2 from the ASU is compressed to 36 atm before being fed to the gasifier (Chiesa et al., 2005) , which is 1.2times the pressure in the gasifier. The purge nitrogen (N 2 ) exits at 2.35 atm from the ASU. In configurations "a" and "b" (Cases 1a-5a and Cases 1b-5b), the purge N 2 stream from the ASU is not utilised anywhere in the process and could possibly be used in other industries such as the chemical, petroleum and steel (Pogrel, 1993; Evison and Gilchrist, 1992; Gavriljuk, 1996; Woolman, 1970) . However, factors such as demand and purity of N 2 needs to be carefully analysed (out of the scope of this work) in order to check the effective usability of the N 2 generated in the cases studied in this work. In configuration "c" (Cases 1c-5c), this N 2 stream is further compressed to 31 atm and fed to the air reactor, to eventually expand in the expander/GT for energy recovery. The gasification of coal gives a flame temperature of 1300 1C, which is above the melting point of ash. The temperature inside the gasifier is maintained at 1300 1C by using high-pressure (HP) water for excess heat extraction, which is converted into HP steam and utilised for power generation. The melted slag flows down through the walls of the gasifier and exits from the bottom. The syngas produced after coal gasification also leaves at the bottom of the gasifier. The composition of the product stream or raw syngas stream from the gasifier is estimated from the chemical equilibrium at 1300 1C.
The raw syngas is cooled to $ 30 1C in the heat recovery steam generation (HRSG) unit that solidifies and removes slag before sending it to a scrubber to remove particulate matter. The heat recovered from the syngas cooling is used for steam generation and reheating. Prior to syngas combustion and CO 2 capture, sulphur dioxide (SO 2 ), hydrogen sulphide (H 2 S) and carbonyl sulphide (COS) are 99.5-99.9% removed from the syngas by a physical absorption method using Selexol. The HRSG unit produces the steam required for Selexol regeneration in H 2 S clean up unit. The Claus plant receives the eliminated H 2 S and oxidises it to elemental sulphur. Syngas after sulphur removal is passed through a heat exchanger unit where it is heated to 350 1C before being sent into the CLC fuel reactor, which is maintained at 750 1C and 30 atm. Any excess heat released in fuel reactor is extracted by pressurised water flowing through a membrane wall around the reactor. The fuel reactor is usually operated in adiabatic mode whereas, we have used an isothermal mode of operation. This is because the adiabatic mode was observed to provide widely varying temperature values (between a range of 750 and 1050 1C) in the fuel reactor for the five different OCs. Therefore, in order to maintain consistency in the flowsheet models for all five OCs, we have kept the fuel reactor at a constant temperature (750 1C) by operating it at isothermal mode using pressurised water-cooling. The syngas is fed from the bottom of the fuel reactor while OC enters from the top. The counter-current fluidised bed fuel reactor converts CO and H 2 in syngas to CO 2 and H 2 O. The type of OC used in the cases discussed in this study would be copper, cobalt, iron, manganese or nickel oxides depending on the case number (shown in Table 2 ). It is assumed in all the cases that there is no gas leakage from the fuel reactor into the air reactor. Eqs. (1)-(5) show the reactions for syngas conversion or the main reactions occurring for each of the five OCs in the fuel reactor at 750 1C at 30 atm. A chemical and phase equilibrium model (based on Gibbs free energy minimisation) used for Process flow diagram for IGCC-CLC process with air-cooling and ASU integration (configuration "c"). Sections "A", "B" and "C" represents "Gasification", "CLC" and "Power" Islands, respectively. simulation of the fuel reactor obtained a CO and H 2 conversion rate of $ 100% for copper-, iron-, manganese-and nickel-based OCs and 97.0-97.5% for cobalt-based OCs. Similar results for conversion efficiencies are reported by previous studies (Chiu and Ku, 2012; Cormos, 2012; Jerndal et al., 2006) . For cases with copper-, cobalt-, manganese-and nickel-based OCs, the model of the fuel reactor is developed using a single RGIBBS reactor unit in Aspen plus which can perform the reactions represented by Eqs.
(1)-(4). In the case of iron-based OCs, two RGIBBS reactor units are required to model the fuel reactor since a single unit cannot completely convert Fe 2 O 3 into FeO, as is shown in Eq. (5) (Bohn et al., 2008; Jerndal et al., 2006) . The Fe 2 O 3 is first converted to Fe 3 O 4 in the first RGIBBS reactor and then Fe 3 O 4 is converted to FeO in the second RGIBBS reactor (Cleeton et al., 2009 ). Further details can be found in our previous publication (Mukherjee et al., 2014) .
The OC (Me x O y ) is progressively reduced into Me x O y À 1 during the syngas conversion process. In our analysis, the conversion of fuel by the OC in the CLC fuel reactor could be endothermic or exothermic depending upon the type of OC and fuel used (Hallberg et al., 2011) . In our IGCC-CLC processes, the net reactions taking place in the CLC fuel reactor are exothermic at 750 1C for all the OCs studied except the iron-based OC (see Table 5 ). Excess heat generated is extracted by pressurised water. This heat is later Table 3 Design assumptions used for developing the CLC process flowsheet models in Aspen plus (Chiesa et al., 2005; Cleeton et al., 2009; Cormos, 2010a Cormos, , 2012 Erlach et al., 2011) .
Unit Parameters
Air used in the Rankine cycle for power generation. In case of ironbased OCs, the net reaction in the CLC fuel reactor is endothermic, therefore it requires an external heat source. This heat is supplied by high temperature regenerated iron oxides at 950 1C coming from the air reactor. The heat required for the endothermic reactions in case of iron-based OC is less than the heat supplied by regenerated iron oxides. This indicates the availability of some excess heat in the fuel reactor of IGCC-CLC processes using ironbased OCs, which is further used in the Rankine cycle. The high temperature and HP exhaust gas from the fuel reactor, which mainly consists of CO 2 and H 2 O, is cooled to 35 1C in the HRSG unit. The water is removed by condensation leaving a pure stream of CO 2 for compression. The reduced OC particles exiting from the bottom of the fuel reactor are conveyed to the air reactor that operates within a turbulent fluidisation regime. A compressed air stream at 32 atm is used in the air reactor to re-oxidise or regenerate the OC particles. This compressed air also helps in circulation of the OC particles between the fuel reactor and the air reactor. In the air reactor, the OC is fully oxidised to Me x O y through Eq. (6), generating a substantial amount of heat.
The operating temperature of the air reactor is maintained at 950 1C. Excess heat generated in the air reactor is removed by HP water (in configuration "a"), excess air (in configuration "b") and both excess air and N 2 supply (in configuration "c"). In configuration "a", the HP water is supplied through the membrane wall, which gradually converts to steam as it flows through air reactor and is used in the Rankine cycle for power generation. In configuration "b", an excess amount of air (i.e. more than what is actually required for complete regeneration and circulation of OC particles) is supplied to maintain the required temperature. In configuration "c", some amount of excess air used for cooling purpose in configuration "b" is replaced by N 2 from the ASU that serves the same purpose as a cooling agent. Fully oxidised OC exits from the top of the air reactor, along with hot exhaust air. The OC is separated from the air in a cyclone separator and falls in to the fuel reactor, while the high temperature and HP air is passed through a GT. The exhaust from the GT at 500-550 1C is sent to the HRSG unit for heat recovery. Section 2.2 provides a more detailed description of steam generation in the process. Details on the composition and thermodynamic state of key process streams are given in Supplementary Information (SI) Table S1 for Case 3c as an example. The CLC reactor models developed in our study are validated with experimental results available in the literature (Adanez et al., 2012; Chen et al., 2011; Chiu and Ku, 2012; Fan, 2010a; Johansson et al., 2006a; Mattisson et al., 2006) . It is worth noting that all IGCC-CLC processes modelled in our study are completely thermally integrated, meaning that no external energy input is used except the coal feedstock.
Steam and water cycle details
This section describes the approach followed for steam generation and power production through the Rankine cycle in all the IGCC-CLC processes. The water and steam cycle details for Case 3a using iron-based OC are presented in Table 6 , as an example case. The mass and energy balances have been established for each process unit (i.e. compressors, gasifiers, heat exchangers, turbines, H 2 S removal units and the CLC reactors) to assess the performances of gas or steam cycles. The pressurised steam in the system for all three configurations (a-c) is generated through a two-step process (Chiesa et al., 2005) . In configuration "a" (Cases 1a-5a), step one uses the excess heat generated in the gasifier, air reactor and fuel reactor and produces only HP steam at 600 1C and 124 bar. This helps in maintaining the required operating temperature in the vessels. In configurations "b" and "c" (Cases 1b-5b and 1c-5c), the HP steam in step one is produced by using the excess heat generated only in the gasifier and the fuel reactor since the air reactor is cooled by excess air supply (or by both air and N 2 in configuration "c") and not by HP water.
The steam generation approach followed in the second step is similar for all three configurations (a-c). In the second step, heat available from the cooling of all the exiting gaseous streams from reactors and GT (i.e. syngas stream from gasifier, exhaust from fuel reactor, and exhaust air from the GT) is used in the HRSG unit for Table 5 Reduction (in fuel reactor) and oxidation (in air reactor) reaction enthalpies of the OCs at 750 1C and 950 1C, respectively (Barin, 1989; Barin et al., 1989 generating HP steam at 600 1C and for reheating intermediate pressure (IP) and low pressure (LP) steam to up to 600 1C. The HP steam produced in both steps is mixed before expanding it through HP ST. The exhaust of the LP ST exits at 0.046 bar and 90.5 1C (Cormos, 2012) . It is then condensed to 25 1C using cooling water at an inlet temperature of 15 1C and pumped back to the process after pressure being raised to 124 bar. Supplementary Information (SI) Figs. S1 and S2 show the heat transfer diagram for Cases 3a and 3c, respectively, as an example.
Aspen Plus model
The key parameters and operating conditions used to develop the flowsheet models are summarised in Tables 2-4. Material streams used in the models involve conventional, nonconventional and solid components; therefore, MIXCINC is selected as the stream case for all cases. The Peng-Robinson-Boston-Mathias (PR-BM) property method is used for the conventional components (Aspentech, 2010) . This method uses the Peng-Robinson cubic equation of state with the Boston-Mathias alpha function for all thermodynamic properties (Aspentech, 2001 (Aspentech, , 2010 . General coal enthalpy (HCOALGEN) and coal density (DCOALIGT) models are used for the non-conventional components coal and ash, respectively. Each OC is entered as a solid in the component list. The RGIBBS reactor block is used for modelling coal gasifier, fuel reactor and air reactor reactors. The RGIBBS reactor restricts each reaction to equilibrium and does not consider the reaction kinetics. The main inputs given to the RGIBBS are temperature, pressure, stream flow rate and composition. The feed water in the process is pressurised by using a simple PUMP model that has an efficiency of 90%. A counter-current MHeatX type heat exchanger is used for the HRSG. A four-stage adiabatic MCOMPR type compressor in the Aspen Plus is used to compress the gas streams. Further information on the Aspen Plus modelling of the IGCC-CLC process can be found in our recent work (Mukherjee et al., 2014) .
Results and discussions

Comparison of different OCs for power generation in IGCC-CLC process with water-cooling of CLC air reactor (Cases 1a-5a)
This section discusses and compares the performance of the fivestudied OCs for the IGCC-CLC process under configuration "a" (Cases 1a-5a). Table 7 shows the parameters which are mainly of interest such as power output, power consumption and efficiency for the Cases 1a-5a. Results indicate that, cases with cobalt-based (Case 2a) and nickel-based (Case 5a) OCs achieve 97-97.5% and 99.5% syngas conversion efficiency, respectively, compared to 100% conversion efficiency for cases with copper-, iron-and manganese-based OCs. These syngas conversion efficiencies obtained by the equilibrium reactor models (RGIBBS reactor model in Aspen plus) for CLC fuel reactors in our simulations are similar to efficiencies given in Jerndal et al. (2006) and Chiu and Ku (2012) . As described in Section 2.1, all the cases are based on the assumption that there is no leakage of gas from the CLC fuel reactor to air reactor. Therefore, the unconverted syngas released from CLC fuel reactors, in IGCC-CLC processes using cobalt-and nickel-based OCs, is compressed and stored along with CO 2 .
Except Case 2a, all other cases under configuration "a" (Cases 1a, 3a-5a) achieve nearly the same net electrical efficiency of 32.1-32.2%. The GT in Cases 1a and 3a-5a generates 34.0 MW of power. This is because Cases 1a and 3a-5a are supplied with the same amount of pressurised hot air (30 atm; 950 1C) in their GTs, since the air required for OC regeneration in the air reactor is the same in these cases. The overall heat generated by combined oxidation and reduction reactions in the two CLC reactors is almost the same for all the OCs (see Table 5 ), which is not surprising as the net reaction is essentially the combustion of the syngas fuel regardless of which OC is used (Hallberg et al., 2011) . Consequently, the heat available from CLC reactors for steam generation, which is a difference between total heat available from the two reactors and the heat carried away by the exhaust of air reactor to the GT, is nearly the same in all the cases under configuration "a" (except Case 2a due to incomplete fuel conversion). Besides, the heat available from the gasifier and other process streams for steam production is equal and common to all the cases. Owing to the above reasons, an approximately equal amount of steam is generated in the Rankine cycle for Cases 1a and 3a-5a giving a combined ST power output between 390.4 and 392.1 MW, which is not a significant variation considering the scale of the power plant. The power consumption by ancillaries comprising ASU, pumps and compressors ranging from 62.6 to 62.9 MW is quite similar for all cases under configuration "a". All these factors account for the similar efficiencies achieved by Cases 1a and 3a-5a.
Unlike Cases 1a and 3a-5a, Case 2a generates less overall heat from the combined oxidation and reduction reactions in the two CLC reactors due to incomplete syngas conversion. As a result, 7-9 MW lower overall power output and 0.6-0.7% lower net electrical efficiency is exhibited compared to Cases 1a and 3a-5a. The exergetic efficiency obtained for Cases 1a-5a ranges between 28.2% and 28.9%. The CO 2 capture efficiency is $ 100% for all cases independent of the OC used. Cases 1a and 4a produces 1.107 MWh of electricity per ton of CO 2 captured, which is the highest amidst all cases under configuration "a". Cases 2a produce the lowest (1.101 MWh) amount of electricity per ton of CO 2 captured. The above discussion infers that for a specific operating temperature, the IGCC-CLC process with water-cooling of the CLC air reactor achieves the same net electrical efficiency irrespective of the type of OC used, provided all OCs have the same conversion efficiency.
Incomplete syngas conversion resulting in CO and H 2 accumulation in the compressed CO 2 stream of Cases 2a and 5a reduces (i) the purity of the sequestration ready CO 2 stream, and (ii) the total power output due to fuel wastage. The latter is further examined to determine the amount of energy which can be recovered by utilising the unconverted CO. To attain this, Cases 2a and 5a were fitted with an extra combustor unit after the CLC fuel reactor to burn the unconverted syngas and extract all the available energy from it in the form of heat. The extra heat generated by burning un-converted syngas sequentially allows producing more steam in the HRSG unit and hence more power from the STs. The extra combustor unit uses a pure O 2 stream from the ASU to aid CO and H 2 conversion to CO 2 and H 2 O, respectively. This improvised design increased the overall net electrical efficiency of Case 2a (with cobalt-based OC) to 32.2% matching the efficiencies of Cases 1a and 3a-5a. No significant difference in the net electrical efficiency was observed in Case 5a with the nickel-based OC. Carbon capture efficiency remained unaffected with the addition of an extra combustor unit. In our analysis of configuration "a" (as summarised in Table 7) , Cases 2a and 5a were considered without using the extra combustor (i.e. no further combustion of the unconverted syngas) in order to maintain consistency in the configuration for fair comparison. Addition of an extra combustor unit will incur extra capital cost and its usage will have economic implications. (Cases 1a-5a) with the base case and other CO 2 capture technologies.
Comparison of IGCC-CLC process
The conventional IGCC power plant considered in this study is devoid of any CO 2 capture (base case) and has a net electrical efficiency of 41.4% (see Table 7 ) which is significantly higher than Cases 1a-5a. No power is utilised to capture and compress CO 2 in the base case, which accounts for its higher efficiency. A comparison of the net electrical efficiency penalty of base case with Cases 1a-5a is shown in Table 8 . All efficiency penalties or differences mentioned below, unless marked "relative", refer to absolute change in percentage points between the two compared cases. Cases 1a-5a has a net electrical efficiency penalty of 9.2-9.9% points compared to base case, due to a net power penalty of 103.6-112 MW associated to the CO 2 capture and compression. The drop in the net electrical efficiencies (9.2-9.9% points) for our IGCC-CLC processes in Cases 1a-5a with reference to the base case fits into the observed range for other CO 2 capture technologies (Goto et al., 2013; IEA, 2011; Kanniche et al., 2010; Leung et al., 2014) . These findings are supported by Hanak et al. (2014) , Xu et al. (2014) and IEA (2011) by reporting a drop of $ 10%, 11-16% and 10-12% points in the net electrical efficiency, respectively, for a supercritical coal-fired power plant using monoethanolamine (MEA) based post-combustion CO 2 capture technology. A drop of 14.5-15.0% points in the net electrical efficiency was observed by Sanpasertparnich et al. (2010) and Kanniche et al. (2010) for pulverised coal power plants using amine based post-combustion CO 2 capture technology. Kanniche et al. (2010 ), Urech et al. (2014 and IEA (2011) have reported a drop of 9%, 8.6% and 8.3% points in the net electrical efficiency, respectively, for IGCC processes using physical solvent based pre-combustion capture technologies, which is lower than that for the IGCC-CLC processes in Cases 1a-5a. However, the IGCC-CLC processes studied can achieve a greater ( $ 100%) CO 2 capture rate compared to 85-95% for pre-and post-combustion capture technologies (Chiesa et al., 2005; Cormos, 2012; IEA, 2011) . In summary, the IGCC-CLC processes (Cases 1a-5a) operating at a moderate temperature range of 750-950 o C with water-cooling of the CLC air reactor can outperform post-combustion CO 2 capture technology. However, these IGCC-CLC processes can be further optimised.
Comparison of different OCs for power generation in IGCC-CLC process with air-cooling of CLC air reactor (Cases 1b-5b).
Results for IGCC-CLC processes with air-cooling of the CLC air reactor (Configuration "b" or Cases 1b-5b) having different OCs are shown in Table 9 . Cases 1b-5b mentioned further are identical to cases 1a-5a except the adaptation of water-cooling at the CLC air reactor as the means to maintain the temperature at 950 1C inside the reactor (see Section 2).
Case 3b generates the highest power output of 191.5 MW in the GT (combined cycle) followed by Cases 2b, 5b, 4b and 1b with 164.9, 163.7, 124.4 and 91.7 MW, respectively (see Table 9 ). Case 3b uses an iron-based OC that has a reaction enthalpy of 275.47 kJ/ mol for oxidation with air, which is highest amongst all five OCs. This indicates Case 3b generates more heat in the air reactor that is used to feed the GT and therefore the GT in Case 3b produces more power compared to other cases. The GT power output trend for Cases 1b-5b corresponds to oxidation reaction enthalpies (ΔH r, oxidation ) of OC with air (see Table 5 ). For the Rankine cycle, Case 1b produced the highest power of 340.7 MW from the STs followed by Cases 4b, 5b, 2b and 3b with 311.6, 275.1, 267.0 and 250.4 MW, respectively. The interpretation for such high power generation in the STs can be the copper-based OC used in Case 1b having the highest reduction reaction enthalpy (ΔH r, reduction ) of 230.1 kJ/mol when reduced with syngas (indicating highest heat production in the fuel reactor), compared to Cases 2b, 3b, 4b and 5b. Similar to the GT power output trend, the STs power output follows values of reduction reaction enthalpies (ΔH r, reduction ), except Case 2b that uses a cobalt-based OC, due to incomplete fuel conversion (see Table 5 ). Case 3b achieves the highest net electrical efficiency of 33.7% compared to all other cases under configuration "b" even after generating the lowest power from the STs. In contrast to that, Case 1b has the lowest 32.8% net electrical efficiency even though it generates the highest power from the STs. The above discussion allows to conclude that generating more heat in the air reactor is preferable to generate it in the fuel reactor in order to obtain higher net electrical efficiency in IGCC-CLC processes with air-cooling of the CLC air reactor. This is because the heat generated in the air reactor is utilised in an efficient manner in a combined cycle. The heat generated in the fuel reactor is used in a comparatively less efficient Rankine cycle. This demonstrates that OCs with higher ΔH r, oxidation values (e.g. iron oxides) are preferred for IGCC-CLC process with air-cooling. It follows that the OCs with higher values of ΔH r, oxidation (e.g. copper oxides) are the less preferred since these indicate a lower value for ΔH r, oxidation (Note: ΔH r ¼ ΔH r, oxidation þΔH r, reduction , which is approximately constant for all OCs; see Table 5 ). It was found from the analysis of Cases 1b-5b that a direct comparison of oxidation and reduction reaction enthalpy values for different OCs can cogently predict their performances for the IGCC-CLC process with air-cooling of the CLC air reactor.
Effect of air-cooling against water-cooling on the power output of IGCC-CLC processes
The effect of air-cooling against water-cooling of the CLC air reactor for power output in the IGCC-CLC process is analysed by comparing net electrical efficiencies of Cases 1b-5b with Cases 1a-5a (see Table 10 ). No significant difference in net electrical efficiency was observed in all water-cooling cases, except Case 2a with Cobalt-based OC (see Section 3.1). This exception can be attributed to incomplete syngas conversion. In contrast, the aircooling cases (Cases 1b-5b) show a difference of 0.9% points in net electrical efficiency. Results suggest that the use of air-cooling (as opposed to water-cooling) increases the net electrical efficiency of the IGCC-CLC process by 0.6-1.6% points for all of the OCs. However, a fixed air supply to air reactor prevents the watercooling cases from effectively utilising the heat generated via the efficient combined cycle (GT) at 950 1C. Instead, a considerable amount of heat is used in the less efficient Rankine cycle (STs) operating at 600 1C. In contrast, the air-cooling cases allow the utilisation of all the heat generated in the air reactor in the combined cycle and then the remaining heat from the fuel reactor in the Rankine cycle. Case 3b achieves a highest relative increase (5%) in net electrical efficiency (see Table 10 ), whereas Case 1b shows the lowest (1.9%) increase. Compared to Cases 2b-5b, Case 1b generates less heat in the air reactor due to lower enthalpy of reaction (148.44 kJ/mol) for oxidation of copper with air (see Table 5 ). It indicates that only a small amount of heat is available to recover in the air reactor of Case 1b. This explains why Case 1b obtains the minimum advantage of air-cooling in comparison with Cases 2b-5b. On the other hand, iron, with the highest enthalpy of oxidation reaction allows Case 3b to completely exploit air-cooling the available excess heat, which was earlier used in the Rankine cycle in Case 3a, in an efficient combined cycle. Fig. 3 shows a power output comparison of water-and aircooling cases by using Case 3a and 3b (both the cases use ironbased OC) as example cases. It can be seen from Fig. 3 that generating more power in the GT (i.e. giving preference to the combined cycle or GT for power generation as in Case 3b) ultimately leads to higher net power production. The IGCC-CLC processes with air-cooling (Cases 1b-5b) can capture relatively 2.3-4.7% more CO 2 per MW of net power output in comparison to IGCC-CLC processes with water-cooling (Cases 1a-5a). To conclude, the use of air-cooling of the air reactor instead of watercooling can improve the net power output or net electrical efficiency of the process. However, it is accompanied by an economic disadvantage caused by an increased size of air reactor, air-compressor, gas-solid separator and GT resulting in higher capital cost of the plant. A techno-economic comparison, which is beyond the scope of present work, can provide further details on the suitability of the oxygen carriers.
Effect of ASU integration to CLC air reactor on the power output of IGCC-CLC process
In ASU integration to the CLC air reactor, the N 2 from the ASU is compressed to 32 atm and used in the air reactor to maintain the required temperature of 950 1C inside the reactor. The N 2 , along with other exhaust gases from the air reactor, is vented through the GT to the atmosphere. The former Cases 1a-5a and 1b-5b were modified to Cases 1c-5c to analyse the effect of ASU integration of the CLC air reactor on the net power output of the IGCC-CLC process. Here, the effects of N 2 as a cooling agent in addition to air-cooling of the reactor were investigated. Table 11 presents the performance indicators for Cases 1c-5c while the results in Table 12 show the change in the net electrical efficiency of the IGCC-CLC processes after ASU integration. The ASU integration to the air reactor increased the net electrical efficiency of the IGCC-CLC process by 0.5-0.6% points despite the additional work required for N 2 compression (see Table 12 ). The IGCC-CLC processes in Cases 1b-5b has air-cooling, which uses compressed atmospheric air at 32 atm. However, for the IGCC-CLC processes with air-cooling and ASU integration (Cases 1c-5c), atmospheric air is partially replaced by N 2 from the ASU, which is already compressed to 2.67 atm. Hence, the IGCC-CLC process in Cases 1c-5c saves a part of the compression work, ultimately resulting in higher net electrical efficiency than the IGCC-CLC processes in Cases 1b-5b. The overall comparison of results from Tables 7, 9 and 11 indicate that configuration "c" with air-cooling along with ASU integration is the most efficient among all three configurations (a-c). Furthermore, Case 3c with the ironbased OC has the highest efficiency of 34.3% compared to all other IGCC-CLC cases (15 cases) evaluated in this work. The net electrical efficiencies obtained in our IGCC-CLC processes (Cases 1c-5c) are $ 1.2-10% points lower than those observed in other studies given in Table 1 . This is mainly because the studies summarised in Table 1 use only iron-or nickel-based OCs and are consequently studied at comparatively higher temperatures (1050-1300 1C) for the CLC air reactor and hence at higher turbine inlet temperature (TIT). However, in order to allow comparison with copper-based OCs (with a low melting point of 1085 1C) in our analysis, we have fixed the maximum temperature to 950 1C in our models.
Comparison of IGCC-CLC process with air-cooling and ASU integration of CLC air-reactor (Cases 1c-5c) with the base case
Results obtained from IGCC-CLC processes with air-cooling and ASU integration of the CLC air reactor in Cases 1c-5c are compared with the base case to analyse energy and efficiency penalties associated with the CO 2 capture (see Table 13 ). Case 3c showed a net power penalty of 80.1 MW and net electrical efficiency penalty of 7.1% points, which is the lowest among all other cases in configuration "c". On the other hand, Case 1c shows the maximum energy and net electrical efficiency penalty of 90.7 MW and 8.1%, respectively. Case 3c captures 4.1 t per hour of CO 2 per MW decrease in energy production compared with base case whilst Cases 1c, 2c, 4c and 5c captures 3.6, 3.5, 3.7 and 3.9 t of CO 2 , respectively. Comparative studies of Cases 1c-5c demonstrate that iron-based OCs can capture 4.8-14.6% relatively more CO 2 per MW of net power penalty than the copper-, cobalt-, manganese-and nickel-based OCs. Fig. 4 shows that the IGCC-CLC processes can generate 24.0-118.9 MW more power than the base case in the Rankine cycle (STs). However, in the combined cycle (GT), the IGCC-CLC processes generates 89.0-193.8 MW less power than the base case. The base case operates at comparatively higher temperature Table 10 Effect of air-cooling against water-cooling on the net electrical efficiency of the IGCC-CLC process.
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Fully water cooled (A, Cases 1a-5a from (1300 1C) in the combined cycle leading to higher power output in the GT. However, the IGCC-CLC processes in our study operate at 950 1C, which is constrained by the melting point of the copper oxide OC carrier studied. OCs made from metals such as iron and nickel can allow operating CLC at temperatures above 950 1C and thus, are more promising than the copper-based OCs as far as chemical-and phase-equilibrium for reactions is concerned. Fig. 5 shows that the modification from water-cooling to aircooling along with the ASU integration further improve the performance of IGCC-CLC processes since it increases the net electrical efficiency from 31.5% to 32.2% (in Cases 1a-5a) to 33.3-34.3% (in Cases 1c-5c). Hence, this modification reduces the net electrical efficiency penalty from 9.2% to 9.9% (in Cases 1a-5a) to 7.1-8.1% points (see Table 13 ) and makes the IGCC-CLC process more efficient than pre-combustion capture technology, which has a net electrical efficiency penalty between 8.3% and 9.0% points (see Section 3.2).
Summary and conclusion
This work compares five different OCs (copper, cobalt, iron, manganese and nickel oxides) for the IGCC-CLC process. The overall power output, net power penalty for CO 2 capture and net electrical efficiency are the key parameters used for comparison. The effects of water-cooling, air-cooling and ASU integration of the CLC air reactor on the performance of the IGCC-CLC process are critically examined. To achieve the above objectives, 15 different flowsheet models of the IGCC-CLC process were developed in a chemical process simulation tool "Aspen Plus". In addition, a conventional IGCC process without CO 2 capture was developed to estimate the penalties associated with CO 2 capture in the IGCC-CLC processes. Comparisons of the performance of the modelled systems were made against pre-and postcombustion CO 2 capture technologies based on the data available in literature. The results obtained show that:
Air-cooling of the CLC air reactor is preferred to water-cooling because air-cooling can more effectively utilise the heat generated in the CLC reactor system in a combined cycle (GT) with a superior efficiency. In contrast, the water-cooling cases uses a significant amount of heat generated in the CLC reactors in a less efficient Rankine cycle (STs), which ultimately results in 1.6% points lower net electrical efficiency compared with aircooling cases.
The IGCC-CLC processes with air-cooling and ASU integration achieve a net electrical efficiency of 33.3-34.3%. This efficiency is 0.6% points and 2.1% points higher than the IGCC-CLC processes with only air-cooling and only water-cooling, respectively.
The direct comparison of oxidation and reduction reaction enthalpies of the OCs can be useful to predict the performance of different OCs for an IGCC-CLC process. The OCs with higher values of reaction enthalpy for oxidation with air (ΔH r, oxidation ) and high melting points are preferred for the IGCC-CLC process.
The high ΔH r, oxidation value allows an iron-based OC to achieve a net electrical efficiency of 34.3% for the IGCC-CLC process, which is the highest amongst all five OCs. This makes the ironbased OC more favourable for the IGCC-CLC process than the other four OCs, as far as chemical and phase equilibriums are concerned.
The IGCC-CLC process shows a net electrical efficiency penalty of 7.1-8.1% points with reference to a conventional IGCC process w/o CO 2 capture. A comparison of these efficiency penalty values with the literature indicates that the IGCC-CLC Table 12 Relation between cases with and without the ASU integration for CLC process. process, using copper-, cobalt-, iron-, manganese-and nickelbased OCs, is more efficient than the amine based postcombustion capture technology and equally efficient as the solvent based pre-combustion capture technology.
The findings from this work demonstrate a relationship between reaction enthalpies (reaction with air; ΔH r, oxidation and syngas; ΔH r, reduction ) of different OCs and power output for the IGCC-CLC process. Further analysis on the comparison of OCs could be performed by considering the detailed reaction kinetics and deactivation rates of different OCs, which can highly influence the cost of the overall process. This is however out of the scope of our current work and is a topic to be considered by future studies. The chemical and phase equilibrium approach assumed in this work for the OC and fuel conversion reactions can help in developing a critical understanding of the IGCC-CLC process with regard to different OCs. 
